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A TIME-DELAY APPROACH TO SPEECH RHYTHM  
VISUALIZATION, MODELING AND MEASUREMENT
Petra Wagner
Universität Bielefeld Fakultät für Linguistik und Literaturwissenschaft
ABSTRACT: The main objective of this paper is the definition of psycho-acous-
tically confirmed acoustic correlates of rhythmic structure across vari-
ous languages, accents and speaking styles. Within this quest, speech 
rhythm is regarded as being characterized by grouped sequences of 
beats, which are characterized by their prominence structure. Duration 
is identified as the major acoustic correlate of speech rhythm organiza-
tion: it signals both beginnings and ends of rhythmic groups at different 
hierarchical levels of rhythmic organization and is the most robust cue 
to perceptual prominence. In order to visualize the impact of relative 
durations across rhythmically salient beat transitions, e.g. at phrase 
boundaries or stresses, time-delay plots are introduced. The method is 
evaluated quantitatively both statistically and using a KNN classifier. 
The visualization technique reveals different relative timing patterns 
for French and English, which provide prototypical cases for the classic 
distinction between stress and syllable timing. An analysis of relative 
timing across several languages shows that the traditional classification 
into stress and syllable timing falls way too short. An appropriate quan-
titative model of speech rhythm must be multidimensional and take into 
account psycho-acoustic facts.
1. Introduction
During the last decade, phonetic rhythm research has concen-
trated on the development of rhythm metrics based on typologi- 
cal findings discriminating between so-called stress timed and 
syllable timed languages (for a critical review see Arvaniti 2009 
or Barry et al. 2003 among others). Unfortunately, more intui- 
tive descriptions of rhythm as an impression of prominence pat-
terns have somewhat been neglected by these approaches: they 
do provide metrics that can distinguish between languages based 
Prosodic Universals118
on their phonotactic structure. However, they do not answer 
how these differences relate to rhythmic impressions, e.g. to the 
perception of iambic or trochaic patterns. In the approach taken 
here, rhythm is described as a perceptual impression of a struc- 
ture evolving over the course of time. This rhythmic structure 
is described as a sequence of fundamental rhythmic events (= 
beats), which are perceived as being more or less stressed, e.g. 
they are varying in prominence and they are grouped in a particu-
lar fashion, e.g. as iambic, trochaic or dactylic patterns. In this 
paper, it is first investigated, how such perceptual impressions 
of rhythmic grouping and structure are influenced by psychoa-
coustic phenomena and how they can be linked to meaningful 
acoustic events fulfilling important functions in speech commu-
nication. In a second step, conclusions are drawn from these in-
sights with respect to a useful visualization strategy for phonetic 
research. A literature review and complementary own investiga-
tions lead to the conclusion that relative duration patterns are the 
major acoustic cue to rhythm: Duration provides the most robust 
acoustic correlate of perceptual prominence and the shape of 
relative durations can distinguish between the end and the begin-
ning of rhythmic groups. In a further step, time-delay plots are 
introduced as a means of visualizing rhythmic properties related 
to stress and syllable timing, but also to phenomena such as iam-
bic vs. trochaic patterns, rhythmic alternation and isochrony. The 
approach reveals the way that various languages make system-
atic differences in order to signal relevant boundaries, e.g. foot 
or phrase boundaries. However, these differences do not com-
prise a simple dichotomous system based on ‘stress vs. syllable 
timing’: Each language may employ one strategy out of many 
for each boundary type, e.g. phrase or foot boundaries. An analy-
sis of duration patterns across feet furthermore reveals a new ex- 
planation for the persistent perceptual classification into so-called 
‘syllable timed’ and ‘stress timed’ languages, the former sounding 
more ‘isochronous’ than the latter. Responsible may be a psycho-
acoustic phenomenon known as time shrinking which leads to the 
perception of isochrony in decelerating sequences, which are very 
typical for a syllable timed language such as French.
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2. Rhythm as a Sequence of Structured and Grouped Beats
In line with musicology, psychology and metrical theory 
(e.g. Woodrow 1951; Fraisse 1982), rhythm is in this paper 
regarded as a sequence of fundamental rhythmical events (= 
beats) which are characterized by their prominence structure, 
e.g. a (more or less regular) order of stronger and weaker beats 
perceived as groups.
The distinction between grouping and structure is necessary, 
because prominence patterns alone are rhythmically underspeci-
fied. Given a strictly alternating structure (cf. Fig. 1), e.g. weak 
-strong- weak-strong-weak..., listeners may hear either a trochaic 
pattern or an iambic pattern starting with anacrusis. Further op-
tional grouping strategies for this sequence may be possible as 
well, e.g. a listener could perceive it as an initial amphibrach 
(weak-strong-weak) followed by trochees. Thus, a full rhythmic 
specification cannot be carried out without taking into account 
grouping. 
There seems to be wide consensus (e.g. Allen 1975; Ler-
dahl and Jackendoff 1983; Cummins 2002) that rhythmic 
structure may exist on several hierarchical levels, the low-
est level being a fundamental level of rhythmic beats. These 
are grouped into rhythmic feet, which are again grouped into 
Figure 1. Rhythmic structure and rhythmic grouping are independent. Various 
grouping strategies are applicable to the identical strictly alternating sequence 
of strong and weak beats: a) shows a trochaic grouping with an initial anacrusis, 
b) depicts an iambic grouping and c) is an example of an initial amphibrach fol-
lowed by a series of trochees
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higher-level structures, e.g. rhythmic phrases. This hierarchi-
cal structure shows much similarity to Metrical-Phonological 
descriptions of rhythmic patterns, i.e. it resembles metrical 
grids if the focus of description lies on prominence relations, 
and it resembles metrical trees if the focus lies on grouping 
structure (cf. Fig. 2). Rhythmic grouping and rhythmic struc-
ture are closely related, since the relation between stronger 
and weaker beats causes grouping processes – as they are 
depicted in metrical trees. A prominent beat can signal the 
beginning (s-w) or the end (w-s) of a group, i.e. in a strictly 
alternating rhythm, perceptual grouping would make the dif-
ference between an iambic and a trochaic rhythm. As argued 
above, if grouping is ignored in a description, prominence 
patterns are rhythmically ambiguous – as it is the case with 
metrical grids. The decision, whether a rhythm is iambic or 
trochaic (or dactylic, spondeic etc.) may sometimes depend 
on the level of analysis, i.e. languages differ in their prefer-
ence of marking the beginnings or ends of groups on various 
structural levels. E.g. in English and many other Germanic 
languages, there exists a tendency for final (nuclear) stress on 
phrase level but for initial stress on compound level (Chom-
Figure 2. While metrical grids (top) illustrate rhythmic prominence structure, 
metrical trees (bottom) illustrate rhythmical grouping at various hierarchical 
levels
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sky and Halle 1968). Thus, if we want to build a model able 
to identify rhythmic prosodic structure in acoustic events, we 
need to answer the following questions addressed in the sub-
sequent two sections:
a) What are the fundamental beats in speech?
b) What are the acoustic correlates of beginnings and ends 
(= perceptual grouping) in rhythmical groups and the per-
ceptual prominence of individual beats (= structure)?
3. Fundamental Beats in Speech
The syllable seems to be a good candidate when searching for a 
unit resembling fundamental beats in speech. It has been shown that 
there exists a 1:1 correspondence between the number of syllables 
contained in an utterance and the number of potential accompany-
ing claps (Köhlmann 1984). However, it has to be taken into ac-
count that a syllable does not correspond to an upbeat in the musical 
sense, meaning a point where one would almost necessarily clap a 
hand or tap a foot while listening to a piece of music. Such accented 
Figure 3. In the tapping paradigm, subjects’ taps are registered and aligned with 
a simultaneous speech stream. The tapping occurrence is taken as evidence for 
p-center location
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positions usually organize grouping at a higher level, i.e. they mark 
beginnings or ends of rhythmic groups. Thus, a syllable is rather the 
equivalent of the fundamental beat in a musical measure, e.g. in a 
3/4 (waltz) measure the fundamental beat would be a quarter note, 
but only every third quarter note would demand an accent (and a 
foot tap). Certainly, this notion falls short with regards to languages 
organized in morae. It is likely, that these have a more complicated 
correspondence between fundamental beats in speech and perceived 
rhythm and need to take into account syllable duration or phonologi-
cal quantity.
The perceptual starting point of a fundamental beat in speech 
probably corresponds to the so-called perceptual or p-cent-
er (e.g. Marcus 1981; Pompino-Marschall 1989; Scott 1993) 
which roughly corresponds to the vocalic onset in a syllable. 
Several suggestions have been made concerning a precise loca-
tion of the perceptual center, the various strategies all proving 
similarly successful (Janker 1996). There are two experimental 
paradigms to investigate the p-center: One is called the tapping 
paradigm where the asynchrony between the moment of a fin-
ger tap and a syllable onset is measured (e.g. Allen 1972; see 
Fig. 3). The second paradigm uses lists of syllables with vari-
able onset complexities (e.g. ba, spa, ba, spa...) where subjects 
are asked to order these in a perceptually equidistant fashion 
(Morton et al. 1976; see Fig. 4). It is found that subjects ar-
range the list in such a way that the time span between indi-
vidual syllables is objectively variable. Instead of equalizing 
the duration between the syllables, the time span between the 
vocalic onsets – i.e. the p-centers – is kept identical. The exact 
location of the thus identifiable p-centers depends on syllable 
onset complexity: the longer the onset duration, the earlier the 
p-center is perceived. There seems to be a consensus that the 
p-center impression is triggered by a strong change in the in-
tensity envelope–coinciding with the vocalic onset–but is also 
influenced by onset duration. However, it is yet unclear whether 
the p-center concept can in fact be transferred to running speech 
and how it relates to phonological units such as the syllable or 
the mora.
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Figure 4. In the adjustment paradigm of p-center detection, subjects are asked 
to synchronize syllables of different onset complexities with a perceptual equi-
distance
4. Rhythmic Grouping and Structure in Speech
There are various cognitive and acoustic factors that have an 
impact on rhythmical grouping and structure in speech. Such fac-
tors ought to be considered in any model of speech rhythm and 
are discussed in the following.
4.1. Tempo Influences
It has long been known (Bolton 1894; Wundt 1911) that the 
perception of rhythm does not necessarily depend upon the ob-
jective presence of a rhythmic pattern in the acoustic signal. If 
listening to so-called isochronous pulse trains, i.e. sequences of 
acoustically identical beats presented at equal distances, listen-
ers tend to perceive these as beat groups consisting of two, three 
or four beats, with the first beat of each group being perceived 
as somewhat stronger than the rest (cf. Fig. 5). The number of 
beats fitting into one group seems to be constrained by a par-
ticular window size, often referred to as the window of tempo-
ral presence which has been identified as being 400-600ms long 
(Fraisse 1982) and corresponds to the length of a typical foot in 
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many of the world‘s languages (e.g. Dauer 1983; Roach 1982). 
Consequently, an increase in tempo (i.e. decreasing the interval 
between two successive beats) automatically leads to a percep-
tion of fewer stresses, since more syllables fit into one window of 
temporal presence. This circumstance may be at least partly re-
sponsible for findings that a language‘s inherent tempo is a very 
good indicator to distinguish between syllable and stress tim-
ing, with syllable timed languages being spoken faster (Dellwo 
to appear), containing more syllables in a foot (Dauer 1983) or 
slow speech rates causing beat insertion (Schreuder 2006). Thus, 
speech tempo plus the size of the window of temporal presence 
may be responsible for a large amount of known rhythm percep-
tion phenomena.
4.2. Time Shrinking
Another interesting effect with respect to the perception of 
rhythmical groups has been called time shrinking (Nakajima 
et al. 1991; ten Hoopen et al. 1993) and relates to the phe-
nomenon that in a decelerating sequence of events, the later 
(longer) event is perceptually shortened. This shrinking effect 
results in a perceptual impression of relative evenness, which 
is not present in the acoustic signal (cf. Fig. 6). Time shrink-
ing can propagate across several beats, i.e. even a perceptually 
Figure 5. Objectively (acoustically) isochronous pulse trains are perceived as 
groups of beats with the first beat being perceived as more prominent than the 
remaining beats in the group
A Time-delay Approach to Speech Rhythm 125
Figure 6. Time shrinking leads to a perceptual shortening of a longer event 
preceded by a short event. Time shrinking can propagate across several events, 
i.e. a perceptually shortened event can still shrink a following one
shrunken beat exerts a shrinking effect on a subsequent one 
(Sasaki et al. 2002). However, time shrinking can be blocked in 
the presence of strict alternation. Thus, listeners try to equalize 
the durational characteristics of events within decelerating se-
quences. If this tendency can be shown to be effective in speech 
as well, it may have an important impact on the perception of 
rhythmic structure since it would mean that languages prefer-
ring groups of decelerating sequences are perceived as more 
even and showing less prominence variations than languages 
preferring groups of accelerating sequences.
In order to test the possibility of the time shrinking effect in lan-
guage-like data, Wagner and Windmann (2009) carried out two per-
ception experiments based on stimuli consisting of 2-, 3- and 4-syl-
labic sequences of the syllable ba, in which they systematically varied 
the order of long and short syllables but kept the total durations equal 
across stimuli consisting of an identical number of syllables. The 
stimuli were manipulated in three conditions, a ‘deceleration condi-
tion’ where each syllable was slightly longer than a previous one, 
an ‘acceleration condition’ where the sequence started with a long 
syllable followed by one or several isochronous shorter ones, and an 
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Figure 7
Figure 7. Main results of the study investigation the impact of time shrinking 
on speech rhythm perception. Syllable sequences consisting of strictly dece- 
lerating sequences and those starting with a short syllable followed by longer 
isochronous sequences are systematically perceived as shorter and more even 
than accelerating sequences
A Time-delay Approach to Speech Rhythm 127
‘isochrony condition’ where an initial short syllable was followed by 
one or several longer isochronous syllables. In pair wise comparison 
tasks, they could show that the stimulus order indeed had an influ-
ence on listeners’ perception of tempo and perceptual evenness or ‘is-
ochrony’: listeners show a strong tendency to perceive accelerating 
sequences as longer and more variable than decelerating ones that are 
implemented in both the ‘deceleration’ and the ‘isochrony’ condition. 
It appears that time shrinking is a factor influencing rhythmic per-
ception hitherto overlooked in speech and language rhythm research. 
Fig. 7 gives an overview of their main experimental results.
4.3.  Disentangling Acoustic Parameters of Rhythmic Structure 
and Grouping
The studies cited above all relate rhythm to duration patterns. In 
speech, though, rhythmic structure may not only consist of a particu-
lar sequence of longer and shorter events but is most likely also in-
fluenced by further acoustic parameters that have been indentified as 
shaping the perceptual prominence of speech events. Good candidates 
for rhythm related acoustic properties besides duration certainly are
– Overall intensity, indicating loudness or spectral inten-
sity, indicating vocal effort (e.g. Slujter and van Heuven 
1996; Kochanski et al. 2005)
– Presence of fundamental frequency excursions (pitch ac-
cents) (e.g. Fry 1958; Jessen et al. 1995), their excursion 
(e.g. Gussenhoven 2004) and shape (e.g. Kohler 1991; 
Ladd and Morton 1997).
Despite the undeniable impact of pitch and intensity on the per-
ception of prominence and despite evidence that the usage of the 
various prominence lending acoustic cues is language dependent 
(Barry et al. 2007), there is increasing cross-linguistic evidence 
that duration is the most stable acoustic cue in signaling promi-
nence: Batliner et al. (2007) argued that duration is most reliable, 
since pitch accents tend to be accompanied by lengthening phe-
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nomena but not vice versa. The same can likely be said for inten-
sity. Also, Tamburini (2006) and Tamburini-Wagner (2007) found 
duration to be the most important cue of perceptual prominence for 
English and German in an acoustic model calculating prominence 
as a weighted sum of various acoustic correlates.
In shaping speech rhythm, acoustic parameters such as duration, 
pitch accent (shape) and intensity certainly stand in a complex inter-
action. It has long been claimed (e.g. Woodrow 1951; Allen 1975) 
and also experimentally verified (Hay and Diehl 2007) that length-
ened beats tend to be interpreted as the ends of a rhythmic group, 
while an increase in loudness or intensity tends to be interpreted as 
the beginning of a group – independent on the native language. A 
problem with these findings is, that they are not easily transferrable 
to speech data. First of all, pitch excursions have not been systemati-
cally investigated yet, but they may play a role in rhythmic grouping 
as well – the reason for this is their important role in shaping per-
ceptual prominence (see above). Another problem is that in speech, 
pitch excursions are rhythmically ambiguous, since they can signal 
both the end (as boundary tones) and the beginning of a group (as 
pitch accents). The same ambiguity holds for local increases in du-
ration, which can function as ending signals (final lengthening) or 
beginnings (as force accents, Kohler 2005). Of course, there may be 
cases when accents also indicate ends, such as in an iambic poem. It 
has been shown, though, that in (German) iambic poems, accentual 
lengthening is more pronounced than in trochaic ones (Bröggelwirth 
2007). Thus, an influence of final lengthening may be at work even 
here. The only rhythmically unambiguous acoustic feature seems to 
be intensity. An increase in intensity is unlikely to signal the end of a 
rhythmical group in speech unless it correlates with lengthening.
In order to replicate Hay and Diehl’s results, extend them to pitch 
excursions and in order to test whether the ambiguities of rhythm cor-
relates in speech can be resolved, a pilot study was carried out based on 
non-speech event sequences. The following hypotheses were tested:
– H1: A moderate increase in duration is interpreted as the 
beginning of a group. A strong increase in duration is in-
terpreted as the end of a group.
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– H2: An increase in intensity is interpreted as the beginning 
of a group
– H3: An increase in fundamental frequency does not have a 
clear impact on perceptual grouping
For the perception task, 4 beat patterns were created all of 
which were alternating in one acoustic property. The basic event 
was a 220Hz, 200ms, 60dB sine wave. The pause between suc-
cessive stimuli was kept constant at 50ms. The first pattern (in-
tended trochaic) varied the duration between successive stimuli 
with a ratio of 1.5:1, resulting in an event chain of 300ms, 200ms, 
300ms, 200ms... The second pattern (intended iambic) varied the 
duration between successive stimuli with a ratio of 2:1, result-
ing in an event chain of 400ms, 200ms, 400ms, 200ms,... A third 
pattern (intended trochaic) varied the intensity between succes-
sive acoustic events at 10dB, resulting in an alternating pattern 
where every event was twice/half as loud as the immediately sur-
rounding ones. A last stimulus chain alternated in fundamental 
frequency (440Hz: 220Hz = 1 octave). This was expected to be 
rhythmically ambiguous. 10 musically trained and 2 phoneti-
cally trained native speakers of German were asked to listen to 
each pattern as long as necessary to identify it as either iambic or 
trochaic – the unlimited time was introduced in order to lessen 
the bias of the initial order of the stimulus sequences. Subjects 
were allowed to say the pattern was rhythmically unidentifiable. 
The results (cf. Fig. 8) clearly confirm hypotheses H1 and H2, 
namely that relative durations can differentiate between an iam-
bic and a trochaic grouping impression. The results also confirm 
the listeners‘ identification of intensity increases as a beginning 
and their inability to link an increase in fundamental frequency 
to rhythmical grouping. Anecdotal responses from the musically 
trained subjects can be interpreted in such a way that they are 
influenced by their musical experience: Bassists tend to align 
low fundamental frequency with group beginnings, while so-
pranos, tenors and violinists tend to do the opposite. While this 
pilot study needs further data to be conclusive, it indicates that 
fundamental frequency increases prominence while not shaping 
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rhythmical grouping on its own. Intensity is perceived as unam-
biguously marking the beginning of a group. Duration appears to 
be the only acoustic factor able to signal both iambic and trochaic 
grouping.
4.4. Conclusions for Speech Rhythm Modeling
It can be concluded, that duration is the fundamental 
acoustic correlate of rhythmical grouping. Besides, it appears 
to be the most robust cue to perceptual prominence across a 
number of languages. However, duration is functionally am-
biguous since it signals both the end and the beginning of a 
rhythmic group. While relative timing appears to be a major 
cue able to distinguish between beginnings and ends, other 
acoustic dimensions such as fundamental frequency and in-
tensity may help in this disambiguation process as well, e.g. 
by increasing prominence. Thus, a future model of rhythmic 
structure must take into account the full range of acoustic 
rhythm correlates.
Figure 8. The results of the perception study. “dur 1” denotes an alternating 
short-long pattern with a moderate durational variation (intended trochaic), 
“dur 2” denotes an alternating short-long pattern with a stronger durational 
variation (intended iambic), “intensity” denotes an alternating loud-soft pattern 
and “f0” denotes an alternating high-low pattern
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In order to link rhythmic structures to their prosodic function 
and in order to detect it in speech, it makes sense to postulate hy-
potheses concerning the location of important group boundaries. 
Such hypotheses may of course be language, speaker and speak-
ing style specific. The next section will present a method able to 
unfold the link between prosodic function and rhythm expressed 
as relative timing patterns in various languages and speaking 
styles. Rhythm related typological features such as stress timing 
and syllable timing will be illustrated as well.
5.  Modeling and Visualization of Speech Rhythm  
Phenomena
With having identified relative duration as the major acoustic 
correlate of speech rhythm, a new visualization method is intro-
duced that is able to capture the central characteristics of rhythm 
in speech. In this approach, local and global durational variation 
as quantified by traditional rhythm metrics are captured as well 
as relative timing.
5.1. Capturing Rhythmic Phenomena with Time-delay Plots
The basic idea of time-delay plots is simple and has already 
been used in Nonlinear Time Series Analysis in order to de-
scribe nonlinear dynamic systems such as water dropping (Baier 
2001).
In a time-delay plot (cf. Fig. 9), the duration of any beat i 
is plotted on the x-axis, and the duration of the subsequent 
beat i+1 is plotted on the y-axis. In order to compare relative 
durations across utterances spoken at different speaking rates, 







=    for all values contained in the data series 
S = x1, x2, x3,...
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Normalization results in values where ‘0’ denotes the mean 
beat duration and ‘1’ and ‘-1’ denote the negative and positive 
standard deviation of the examined data series. Beat durations 
are calculated based on the duration between the beginning of 
the perceptual center according to Marcus (1981) and the end 
of the syllable rhyme. This way, the beat duration is primarily 
determined by the syllable rhyme itself, which is also the locus 
of a syllable’s prominence (or moraic structure) according to 
phonological theories. The time delay plots created by this 
method unveil many rhythm related properties of speech:
– Any sequence of locally isochronous beats (as measured 
by the PVI metric, cf. Low et al. 1999) is plotted near the 
Figure 9. The upper graph 9a illustrates the visualization of global and local 
isochrony in time-delay plots, the lower graph 9b illustrates the visualization 
of relative timing. A time-delay plot with concentrations in the upper left and 
lower right indicates a tendency of strict alternation
9a
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9b
bisecting line between the x- and y-axis, i.e. whenever 
beatduri " beatduri+1.
– A tendency towards global isochrony (as traditionally pos-
tulated for syllable timing) would result in a cluster around 
the {0,0}-co-ordinate since it should lead to beat durations 
concentrating around the mean value.
– A strictly alternating rhythm would lead to one cluster in 
the lower right (long-short) quadrant and another cluster in 
the upper left (short-long) quadrant.
– Sequences of two short beats are plotted in the lower left 
quadrant. Sequences of two long beats are plotted in the 
upper right quadrant.
5.2. Revealing Rhythmic-Prosodic Functions
Of course, the described visualization method remains com-
paratively uninteresting for research in language and speech, un-
less revealed patterns can be linked to rhythmic-prosodic com-
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municative functions. Therefore, functionally different prosodic 
transitions are illustrated differently in rhythm plots:
– Transition Type 1: Transitions to lexically stressed beats 
(= potential foot beginnings) are marked “+”
– Transition Type 2: Transitions to unstressed beats are 
marked “o”
– Transition Type 3: Transitions to phrase final beats are 
marked “x”
In order to test the basic applicability of the method, two lan-
guages are examined, which are usually regarded as belonging 
to distinct rhythm classes, namely English (as the prototypical 
‘stress timed’ language) and French (as the prototypical ‘sylla-
ble timed’ language). The data was taken from the BonnTempo 
database (Dellwo et al. 2004) and comprises read speech of vari-
ous speech rates (very slow to very fast). For reasons of clarity, 
the shown plots are based on material by three randomly chosen 
different speakers (approximately 450 beats per speaker) per lan-
guage. All quantitative follow-up examinations are based on the 
entire database. 
Figure 10 shows the results for English and French. It is evi-
dent that the three different transition types show much less over-
lap in English compared to French. The strict separation between 
transitions to stressed syllables and unstressed syllables in two 
distinct regions of the plot indicate a tendency towards alterna-
tion in English. Besides, final lengthening is (not surprisingly) 
more pronounced with respect to a relative increase in duration. 
In French, however, hardly any distinction between the Transi-
tion Types 1 and 2 is visible. The lack of word final lengthening 
in French stands in contrast to the common notion of French be-
ing an ‘iambic’ or ‘trailer timed’ language. One reason for this 
may be that French-lengthening effects are confined to the ends 
of phrases or stress groups. However, a slight change in the plot 
unveils that the impression of French having word final lengthen-
ing is not entirely without empirical foundation: Instead of plot-
ting the transition to the supposedly lexically stressed (= word 
final) beat, the transition from the word final to the following 
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Figure 10. Shown are the time-delay plots for English and French. Transitions 
Type 1 are marked “+”, Transition Type 2 is marked “o” and Transition Type 3 
is marked “x”. While there is little overlap between Transitions Types 1 and 2 
in English, French shows hardly any differentiation between them. Phrase final 
lengthening, however (Transition Type 3), stands out slightly in both English 
and French
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word initial beat is plotted (cf. Fig. 11). Now it is evident that the 
presumably ‘stressed’ word final beat in French is indeed length-
ened, at least relative to the subsequent word initial beat. Word 
boundary marking in French thus appears to be not determined 
by final lengthening but rather by group initial shortening. Still, 
from the still considerable amount of overlap in transition types 
one can conclude that this shortening effect is not as stable as the 
stress induced lengthening found for English. These impression-
istic results show that time-delay plots provide a robust, simple 
and straightforward tool to reveal formerly known and unknown 
systematic tendencies of relative timing and link them to their 
communicative function.
Figure 11. The time delay plot shows relative timing events for French. 
Transitions from lexically stressed to post stressed beats are marked 
“+”, all other transitions are marked “o” unless they are of Transition 
Type 3 which is marked “x”. Instead of lengthening induced by lexi-
cal stress, French seems to be characterized by post stress shortening 
effects
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5.2. Quantitative Interpretation of Time-delay Plots
In this section, suggestions concerning the quantitative in-
terpretation of time-delay plots are made. First, durational dif-
ferences for each transition beatduri+1-beatduri are calculated. 
That way, decelerating sequences are assigned positive values 
and accelerating sequences are assigned negative values. Then, a 
one-factorial ANOVA is calculated, revealing whether there exist 
significant differences between the three transition types initially 
defined. The results (cf. Tab. 1) confirm the visual impression 
that in English, the three transition types show highly significant 
differences, F = 223; p < 0.0001), while for French, no clear dif-
ferences between the groups’ variances are traceable (F = 1,44; 
p = 0.24 (n.s.).
In order to get a better understanding of the nature of the dif-
ferences between the various transition types for each language, 
we calculate the mean values for each transition type in both di-
mensions of the time-delay plot, thus identifying the most typi-
cal transitions for each language. Then, the Euclidian Distance is 
calculated between two points P = (px,py) and Q = (qx,qy) repre-
senting typical transitions:
distance = (px - qx)2 (py - qy)2  
Table 1. Results of the one-factorial ANOVA comparing variances of the three 
transition types (differences of adjoining beat durations, z-score normalized) 
for English and French
English
Transition Type Mean (z-score) Variance
1 (to stressed) 0.79 0.7
2 (to unstressed) –0.39 1.72
3 (to phrase final) 1.02 0.78
French
1 (to stressed) 0.19 0.36
2 (to unstressed) 0.24 0.42
3 (to phrase final) 0.4 1.5
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We now have an additional means to identify whether our first 
visual impressions were correct, although it should be kept in 
mind that our calculations measure distance as it would be done 
with the help of a ruler – it is no adequate metric of perceptual 
distance! However, it provides us with a useful tool in our pur-
pose of building a visualization method for rhythmic structures 
in speech. In addition to our two prototypical languages, Euclidi-
an Distances were calculated for three other languages contained 
in the BonnTempo database, one of which has been traditionally 
classified as stress timed (German), another one as syllable timed 
(Italian), while a third language (Polish) has been notoriously hard 
to place within this dichotomy. Fig. 12 reveals that the Euclidian 
Distances differentiate between stress timing and syllable tim-
ing languages especially with regards to the difference between 
Transition Types 1 and 2 (distance between transitions to stressed 
and to unstressed beats), with stress timed German and English 
showing notably higher distances than syllable timed French and 
Italian. Polish, however, looks ‘even more syllable timed’ than 
French on this scale. The calculation furthermore shows that syl-
Figure 12. The graph shows the Euclidian Distances between transitions to un-
stressed beats – to stressed beats (Transition Types 1 and 2), to unstressed beats 
 – to final beats (Transition Types 2 and 3) and to stressed beats – to final beats 
(Transition Types 1 and 3) for various languages
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lable timed Italian has equally pronounced final lengthening ten-
dencies as stress timed English and German, while Polish shows 
a behavior in between French and Italian in this respect. The cal-
culations based on time-delay plots show that a model that places 
language rhythm in between the two rhythmic categories stress 
timing and syllable timing falls too short. Languages may share 
certain rhythmic characteristics and behave differently with re-
spect to others. Instead of trying to squeeze speech and language 
rhythm into an over simplistic dichotomous model, it should 
rather be described in a multi-dimensional fashion.
5.3. Automatic Classification of Transition Types
The Euclidian Distances compared in the previous section 
are based on mean values not properly reflecting the variability 
contained in the data. Besides, they do not indicate whether 
the language specific distinctions are systematic enough to al-
low for a generalization. Listeners can use a stable and system-
atic relationship between relative timing and transition type as 
a perceptual cue when processing acoustic input. In order to 
Figure 13. The results of the KNN-classification for the three different transi-
tion types
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test whether such a systematic relationship exists in the data, a 
K-Nearest Neighbor (KNN) classification (see Dasarathy 1991 
for an introduction) with k=5 was performed for the two pro-
totypical languages, English and French. The KNN-classifier 
was used because it also builds on Euclidian Distances thus 
providing a method that can be straightforwardly linked to the 
visual interpretation of time-delay plots. The material used 
for classification was again taken from the BonnTempo data-
base (roughly 2400 transitions per language) and it was tested 
whether the Transition Types 1–3 were distinguishable for the 
classifier. From the data, 66% were chosen randomly for train-
ing and 33% were used for testing. The hypothesis was, that 
the classifier could learn to distinguish between the different 
transition types for English, but not for French with its rather 
blurred time-delay plots. The results (cf. Fig. 13) confirm this 
hypothesis quite clearly: while the classifier reaches 73% over-
all accuracy for English, it perform a lot worse for French with 
overall 63% accuracy. Furthermore, the prediction is clearly 
above chance level (based on the relative amounts of transitions 
in the data), in all transition categories in English. For French, 
the classification is above chance level as well, but performs 
worse for all transition types, much worse for the transitions to 
stressed beats. The comparatively high accuracy for transitions 
to unstressed beats seems to be mostly the result of the large 
amount of such transitions in the data itself.
The time-delay plot analysis indicated that French stress is 
rather characterized by a post stress shortening than a lengthen-
ing of the stressed syllable. Therefore, another KNN classifier 
aiming to identify post stress shortening is trained under the same 
conditions and on the same material. Indeed, this KNN shows a 
better performance (40% accuracy) in detecting post stress short-
ening compared to the previous classifier that had been trained 
in the detection of stress induced lengthening. Still, this result is 
still far worse than the KNN classification of the English data. 
From these results we certainly should not conclude that French 
behaves ‘arrhythmic’. Rather it can be concluded that its rhythm 
is organized in a different fashion.
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Figure 14. Shown are median beat durations across binary, ternary and 
quaternary feet in French (top) and English (bottom). The French de-
celerating patterns across groups can cause time shrinking phenomena, 
while the English accelerating patterns block time shrinking. The per-




5.4. Long Term Timing Regularities
While the time-delay plot analysis visually indicated that 
French timing is organized between the word final beat and the 
subsequent one, this tendency was only moderately confirmed 
by the KNN classification. In this section, another path is taken 
to investigate timing regularities in French and English. The 
phonetic foot is chosen as an important unit of rhythmical or-
ganization since it seems to be closely linked to what has been 
identified as window of temporal presence – the timing win-
dow constraining rhythmical grouping in isochronous pulse 
trains (cf. 4.1). We are now looking at long-term characteristics 
of rhythmical grouping in order to detect timing regularities 
listeners can use to form expectations concerning upcoming 
rhythmical events – such long term expectations can be called 
a language specific abstract meter. The timing patterns across 
feet of different sizes (cf. Fig. 14) clearly reveal characteris-
tic differences. For once, French foot final lengthening is only 
evident for binary feet. In longer feet, the durational increase 
propagates subtly throughout the foot and lengthening is not re-
stricted to the final syllable. In English, however, we clearly see 
a tendency towards binary alternation in quaternary feet, which 
is missing in French. This automatically leads to a predomi-
nance of trochaic and dactylic patterns in English. Furthermore, 
French ‘trailer timing’ or ‘perceptual iambicity’ seems to be not 
the result of foot final lengthening, but rather of a global decel-
eration tendency.
These long-term patterns provide an explanation for the often 
cited impression of French sounding ‘isochronous’, when tak-
ing into account the phenomenon of time-shrinking introduced in 
4.2: in Wagner and Windmann (2009) it was confirmed that time 
shrinking leads to a perception of evenness and increased tempo 
in decelerating sequences as they are typical for French, but is 
blocked by accelerating or alternating patterns often found in 
English. Thus, time shrinking may at least partly account for the 
perceptual impression of French sounding more ‘isochronous’ 
and ‘faster’ than English.
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6. Conclusions and Outlook
In the present paper, speech rhythm is regarded as being con-
stituted by beats organized in terms of (hierarchical) rhythmical 
groups, which have an internal prominence structure. Relative dura-
tions were taken as a starting point to identify rhythmical patterns 
in speech based on psychoacoustic findings that duration is the fun-
damental acoustic parameter underlying rhythmical grouping and 
structure. Based on this, time-delay plots were introduced as a visu-
alization method in order to identify language specific relative dura-
tions fulfilling communicative functions, e.g. lexical stress or phrase 
finality. Time-delay plots and subsequent statistical analyses indicat-
ed language specific differences in relative timing but also revealed 
similarities across various languages going beyond a dichotomous 
classification into stress- and syllable timing. The visual interpre-
tations were evaluated with the help of a KNN-classification. Fur-
thermore, long-term timing patterns across feet could be linked to a 
psychoacoustic phenomenon called time shrinking. Time shrinking 
provides an explanation for the famous perceptual impression char-
acterizing French sounding more ‘isochronous’ than English.
Evidently, the time-delay analysis is useful beyond a mere typo-
logical classification. It is able to show interesting intra-language 
variation across speaking styles or speakers and may provide a ro-
bust tool for prosodic L2-analyses (cf. Wagner 2007). Furthermore, 
the approach looks promising with respect to enhancing automatic 
language recognition and speech synthesis. Of course, a long-term 
goal should also be the further development of the method by an 
integration of other rhythm related acoustic parameters like funda-
mental frequency or (spectral) intensity in order to capture percep-
tual prominence rather than pure duration phenomena.
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